We have identified ramshackle (ram) as a dominant suppressor of hedgehog loss-of-function in the developing Drosophila eye. We have characterized the gene and it encodes a double bromodomain protein with eight WD40 repeats. The Ram protein is localized predominantly to polytene chromosome interbands and is required for the transcription of some genes. ram is an essential gene and null mutants die during larval life. In the developing retina, ram mutant cells have morphological defects including disrupted apical junctions, disorganized actin cytoskeletons and mislocalized nuclei, which are followed by delays in cell-cycle transitions and the expression of differentiation markers. ram is a conserved gene: its vertebrate homolog (WDR9), which lies in Down's Syndrome Critical region 2 (DCR2) is also known to be associated with Brahma-Related-Gene 1 (BRG1).
Introduction
The Drosophila melanogaster eye is made up of a precise array of approximately 750 identical eye units called ommatidia, each of which is a cluster of 8 photoreceptor cells (R1-R8) and 20 accessory cells which include cone and pigment cells. The Drosophila eye develops from a monolayer epithelium called the eye-imaginal disc. In the third larval instar, a wave of differentiation and patterning called the morphogenetic furrow begins to pass across the eye field from posterior to anterior (Ready et al., 1976; Tomlinson, 1988) . In the furrow, cells are held in G1 cell-cycle arrest and become apically constricted by means of a cytoskeletal actin ring. Peri-apical cell junctions become dense and cell nuclei become basal (Tomlinson, 1988; Wolff and Ready, 1993; Pellikka et al., 2002; Nam and Choi, 2003) . At the same time, patterning signals begin to restrict a general expression of the proneural transcription factor, Atonal, to single cells which become the ommatidial founder cells, and are later the R8 photoreceptors (Jarman et al., 1994; Jarman et al., 1995; Frankfort and Mardon, 2002) . Later, the remaining cells are added to the developing ommatidia by recruitment and their nuclei rise (Tomlinson, 1988; Freeman, 1997) . Progression of the morphogenetic furrow is driven by Hedgehog signaling: loss-of-function mutations in hedgehog cause the furrow to stop (Heberlein et al., 1993; Ma et al., 1993) and ectopic Hedgehog signaling can induce ectopic furrow initiation Li et al., 1995; Ma and Moses, 1995) . Hedgehog is secreted by differentiating photoreceptor cells posterior to the furrow. Unpatterned cells anterior to the furrow receive Hedgehog via its receptor Patched, which then acts on Smoothened to activate down-stream genes via the transcription factor Cubitus interruptus (Heberlein and Moses, 1995; Lum and Beachy, 2004) . Here, we report the identification, genetic, molecular, and phenotypic characterization of a Drosophila gene, ramshackle (ram). We identified ram as a dominant suppressor of hedgehog loss-of-function in the developing eye. We find that ram encodes a conserved protein with eight WD40 repeats and two bromodomains and is associated mostly with transcriptionally active chromatin. ram is an essential gene with a larval lethal phase. Partial loss-of-function for ram results in photoreceptor cells with altered morphology (small rhabdomeres). Retinal cells that are null for ram have defects in their apical-basal epithelial organization, nuclear position and cell junction structure and later die.
A recent study (Muller et al., 2005) used genome-wide RNA interference to identify JAK/STAT signaling components and found ram as a positive regulator of the JAK/ STAT signaling pathway. This group has named the gene Drosophila BRWD3 or dBRWD3 due to its similarity to human BRWD3. BRWD3 was recently identified at the breakpoint of t(X;11) (q13;q23) translocations derived from multiple B cell chronic lymphocytic leukemia (B-CLL) patients (Kalla et al., 2005) .
Results

Genetic screen and ram interactions with hedgehog
We isolated ram from a chemical mutagenesis (EMS) genetic screen for genes that interact with hedgehog in the developing Drosophila eye (Jones et al., 2006) . The ram EMS allele ram 1 , fails to complement the lethality of three P-induced recessive lethal alleles of l(3)05842: ram P1 , ram P2 and ram P3 (see Table 1 ). The lethal phases of these alleles form a series: ram P2 homozygous larvae die in the first to second instar, ram 1 dies in the late second instar and ram P1 dies as a late larva or early pupa, suggesting that ram P2 may be a strong or amorphic allele, ram 1 a hypomorph and ram P1 an even weaker hypomorph. We placed ram P2 in trans to a large deletion for the region (Df(3R)crb 87À5 ) and find that the lethal phase remains the same. Since ram P2 is our strongest allele, the focus of this paper is to characterize this allele.
The genetic interaction between ram and hedgehog, whether or not it is indirect, could be consistent with an effect of the hedgehog pathway on ram function (i.e., hedgehog upstream of ram) or vice versa. To test this, we examined the effects of these genotypes on the levels and distribution of Hedgehog antigen in the developing eye. Hedgehog is normally expressed in the presumptive photoreceptor cells, as they begin to differentiate, posterior to the morphogenetic furrow for about eight columns (see arrow in Fig. 1G and Heberlein et al., 1993; Ma et al., 1993) . The hh 8 /hh bar3 eye has highly reduced levels of Hedgehog antigen (arrow in Fig. 1H ). The loss of one dose of ram P2 , restores some of this Hedgehog antigen for about three or four columns, which are somewhat disorganized (arrow in Fig. 1I (arrow in Fig. 1F , see below).
Molecular definition of ram
The three P-elements associated with ram alleles are all inserted within one cytogene: CG31132, as reported by BDGP. ram P1 and ram P3 are associated with intronic insertions, but ram P2 is inserted into the coding sequence in exon 4 (see Table 1 , Fig. 2A ). This suggests the hypothesis that ram = l(3)05842 = CG31132.
To test this, a genomic library was probed with cDNA clones for the flanking cytogenes CG5720 and CG5728 ( Fig. 2A) to recover intervening sequences. The entire genomic extent of CG31132 and part of each flanking cytogene lie within one 12.1 kb Sac1 fragment. We derived seven transgenic lines containing this fragment, which rescue the lethality associated with all four ram mutant chromosomes in all homozygous and trans-heterozygous combinations, except for ram P3 /ram P3 (we conclude that the ram P3 chromosome carries a second recessive lethal lesion). As the 12.1 kb Sac1 fragment contains only one complete cytogene (CG31132), and that all three P-induced alleles also interrupt this same cytogene, we conclude that CG31132 and l(3)05842 are indeed ram. 
Ram gene products
From ten cDNAs and the published genomic sequence, we deduced the structure of the ram transcription unit, which has 15 exons (see Fig. 2A ). The full-length cDNA LD40380 is 7.2 kb. The cDNAs, ED4, and LD43060 contain an alternate splice that deletes 19 amino acids in frame from exon 13 (asterisk in Fig. 2A ). By RNA gel blot, we detect three major (8, 2, and 1 kb) and several minor transcripts (Fig. 2B) . The 8 kb transcript is close in size to the longest cDNA and its 5 0 end is just 597 bp from the 5 0 end of the next deduced gene to the left, suggesting that the start of ram transcription must be quite close to the 5 0 end of the cDNA. The 3 0 end of the cDNA ends in a run of 21 extra-genomic A residues, which begin 8 bp after a consensus polyA addition sequence. Thus, we conclude that this is the 3 0 end in vivo.
The encoded protein is of 2232 amino acids and includes two conserved domain classes: eight WD40 repeats and two bromodomains. WD40 repeats are known to form beta-propeller structures that serve as a scaffold for protein-protein interactions and coordinate the assembly of multi-protein complexes (Smith et al., 1999) . Bromodomains are 110 amino acid domains shown to bind acetylated lysine residues (Dhalluin et al., 1999) . They are found in ATP-dependent chromatin-remodeling factors, in enzymes that covalently modify chromatin-associated proteins as well as in transcriptional coactivators (Yang, 2004) . In proteins containing two bromodomains, they are thought not to be redundant (Marmorstein and Berger, 2001) . Interactions between bromodomains and acetylated histones are thought to mediate several effects, including transcriptional activation, memory of the transcriptionally activated chromosomal regions and anti-silencing (Loyola and Almouzni, 2004). The presence of these conserved domains, suggests that Ram may be part of a multi-protein complex that is associated with chromatin.
Vertebrate homologs
The closest vertebrate homologs to ram are human WDR9 (huWDR9, Ramos et al., 2002 ) also known as BRWD1, and M. musculus Wdr9 (muWDR9, Huang et al., 2003) . These mammalian proteins are of very similar size to the longest form of Drosophila Ram (Ram is 2232 amino-acid residues, huWDR9 is 2269 amino-acid residues, muWDR9 is 2177 amino-acid residues). They also have the eight WD40 repeats and two bromodomains in the same order as Ram, with a high level of sequence similarity (see Fig. 2A ). huWDR9 lies with 21 other genes in the Down's Syndrome Critical Region 2 (DCR2, Gitton et al., 2002; Reymond et al., 2002) . This region is thought to be associated with several major symptoms of Down's syndrome (Ramos et al., 2002) . Both proteins are broadly expressed and the mouse protein has been shown to be predominantly nuclear (Huang et al., 2003) . muWDR9 is associated with muBRG1 (Brahma-Related Gene 1) a component of the SWI/SNF chromatin-remodeling complex (Huang et al., 2003) .
The group that isolated ram as a positive regulator of the JAK/ STAT pathway, have named the gene Drosophila BRWD3 or dBRWD3 due to its similarity to human BRWD3 (Muller et al., 2005) . BRWD3 lies on human chromosome X and encodes an 1802 amino acid protein that has 8 WD40 repeats and 2 bromodomains. WDR9 or BRWD1, lies on chromosome 21 and encodes a 2269 amino acid protein with the same domains, but is closer in size to the 2232 amino acid protein encoded by CG31132. BRWD3 was recently identified at the breakpoint of t(X;11) (q13;q23) translocations derived from multiple B cell chronic lymphocytic leukemia (B-CLL) patients (Kalla et al., 2005) .
Ram mutant lesions
Since the strongest ram allele, ram P2 is a larval lethal, it was possible it may not be a null, and so we derived three intragenic deletion alleles by the excision of the P{lacW} element associated with ram P2 (see Table 1 , Fig. 2 , and Experimental Procedures). ram PX1 and ram PX2 die at the same time as ram P2 , but ram PX3 acts as a hypomorph (mid-pupal lethality). All three of these deletion chromosomes can be rescued to viability by the ram + transgene, showing that they are indeed single gene deletions. This confirms that the lethality associated with the ram P2 chromosome is solely due to the insertion in ram. In addition, we recovered 51 clean excision revertants (by sequence), which are fully viable.
The predicted molecular structures of the six known ram mutant lesions may offer insights into the observed allelic strength series (Fig. 2C ). Of the three insertions, ram P1 and ram P3 are intronic PZ elements, and thus do not directly affect the coding sequence. ram P2 is a strong allele and the associated P{lacW} element is inserted in exon 4 of ram, encoding a truncated Ram fragment of 62 amino acids, followed by five ectopic residues and then an Ochre stop (Fig. 2C) . ram PX1 is a 1671 bp deletion from exon 2 to exon 6, causing a frame shift, so that the deduced protein contains 27 wild-type residues followed by 10 ectopic residues from exon 6 (out of frame) and an Opal stop (Fig. 2C) . ram PX2 is a 776 bp deletion from intron 1 to exon 4, which could result in the donor site of exon 1 joining to the next available acceptor site at the start of exon 5, producing a frame shift so that the deduced protein contains 14 wild-type residues followed by 13 ectopic residues from exon 5 (out of frame) and an Opal stop (Fig. 2C) Fig. 2C ) in exon 6 and misses only the first WD40 repeat and part of the second (Fig. 2C) , which may explain why ram PX3 is a weak allele.
Ram expression
We used an anti-Ram serum to determine the developmental expression of Ram. We stained eye-imaginal discs containing clones homozygous for ram P2 , negatively marked with GFP (black arrow in Fig. 3A and B) , adjacent to homozygous wild-type twin spots (white arrow in Fig. 3A and B) , in a background of heterozygous cells (Fig. 3A and B) . The patterns are the same, showing that the antigen is genetically dependent on ram function and furthermore, is proportionally sensitive to gene dose. Ram antigen is expressed in all cells of the eye antennal disc, but is at a low level anteriorly (white arrow in Fig. 3C ) and is then elevated on both sides of the furrow (black arrows in Fig. 3C ). At high magnification, it can be seen that Ram antigen is predominantly nuclear (Fig. 3D ). In the developing embryo, Ram antigen is present in all cell nuclei at early stages and later is elevated in the antennomaxillary complex, germ cells and the developing nervous system where its location appears to be cytoplasmic ( Fig. 3E see inset) . This differential sub-cellular localization among different embryonic tissues is also observed in the Ram murine homolog (WDR9) expression in mouse embryos (Huang et al., 2003) detected by an antibody made to the same C-terminal end of the protein, as is the Ram antibody. The tissue distribution of Ram protein is similar at the RNA level (Fig. 3F) suggesting that the pattern is transcriptionally regulated.
Ram is associated with active chromatin
Since Ram is nuclear and has two bromodomains, usually found in chromatin-associated proteins, we reasoned that Ram may be associated with chromatin. We stained wild-type polytene chromosomes for Ram antigen (Fig. 4) and find that the majority of the Ram antigen is concentrated at the interbands (black arrowheads in Fig. 4B and D) . Interbands are sites of elevated transcriptional activity with high levels of RNA polymerase II antigen (Jamrich et al., 1977) . While the Ram and Pol II antigens colocalize at high levels at some sites (black arrowhead in Fig. 4E-G) , some loci have different levels of the two antigens and some RNA polymerase II positive loci have no detectable Ram antigen at all (arrow in Fig. 4G ). Therefore, Ram appears to be required for the transcription of only some genes.
Ram loss-of-function delays development in the eye
We examined the adult phenotypes of white marked ram homozygous retinal clones (Fig. 5) . The amorphic alleles ram PX1 and ram PX2 leave only scars in the adult, with patterning disruptions consistent with loss of mutant cells posterior to the furrow (arrowheads in Fig. 5A , B, D, and E). Homozygous mutant tissue persists in clones of the weak allele, ram PX3 (arrowheads in Fig. 5C ) and is highly disorganized with no recognizable ommatidia (arrowhead in Fig. 5F ). The edge of the clone is often surrounded by mutant ommatidia with a number of small and /or missing rhabdomere photoreceptors (arrows in Fig. 5D-F) . It could be that ram null mutant cells fail to proliferate and/or differentiate and/or die. Therefore, we examined third instar retinas containing null ram clones (Fig. 6) . We find that cell cycle markers are expressed normally but are late to shut down (arrows in Fig. 6A and B) . Furthermore, the ram clones are not noticeably smaller than their twin spots. Thus, we see no direct evidence that cells fail to proliferate in ram clones or die early. We find that several cell-type specific markers are expressed within the clones, in a pattern that is close to normal, but with a delay, including the R8 marker Atonal (arrow in Fig. 6C ), as well as Senseless (R8s, data not shown), Elav (neurons, see below), Cut (cone cells, data not shown). This suggests that mutant cells can begin their differentiation but these events are delayed.
We recovered ram 1 in a hedgehog interaction screen and thus we looked at the effect of ram on Hedgehog signaling. In ram P2 clones, Cubitus interruptus (Ci, a downstream target of Hedgehog) is expressed normally in the Hedgehog receiving cells but stays on longer behind the furrow (arrow in Fig. 6D , Heberlein and Moses, 1995; Lum and Beachy, 2004) . Hedgehog expression in ram P2 clones is disorganized and the onset of Hedgehog expression in the developing photoreceptors is delayed (arrow in Fig. 6E ). In clones of a null allele of smoothened (smo 3 , the Hedgehog receptor, Fig. 6F-I ) Ci expression is lost (white arrows in Fig. 6H ), but Ram expression is unaffected (asterisk in Fig. 6F and I). Normally in the furrow, cells are held in G1 arrest and their nuclei are basal. In smo clones that span the furrow, we observe that cell nuclei remain apical (black arrows in Fig. 6F and I ). This could be due to disrupted apical constrictions of photoreceptor cells observed in smo clones spanning the furrow (Vrailas and Moses, 2006) . Since Ram expression is nuclear and cell nuclei in smo clones that span the furrow are apical, this gives the impression that Ram is upregulated in the furrow. This, along with our previous data ( Fig. 1G-I ), suggests that ram is genetically upstream of hedgehog, although this effect may be quite indirect.
Loss of ram affects apical cell polarity
We observed that photoreceptor nuclei stained by Elav in ram P2 null clones look sunken compared to wild-type. We took optical cross-sections through ram null mosaic clones at the furrow (Fig. 7A and B) . Normally, nuclei are basal in the furrow and rise as they are assigned a fate (Tomlinson, 1988) . Photoreceptor nuclei in ram null clones are more basal than those in the adjacent wild-type tissue (arrows in Fig. 7A and B show the same nucleus in both planes and sections). Even though recruitment takes place, photoreceptor clusters appear smaller and basal compared to wild-type (arrow in Fig. 7C ). The F-actin cytoskeleton is also highly disorganized in ram null clones (arrow in Fig. 7D ). Boss is an apical R8-specific protein and in ram null R8 cells, Boss appears light and diffuse, suggesting that cells mutant for ram can differentiate into R8 (also express Atonal), but have defective cell apices (arrows in Fig. 7E ). Taken together, the basal nuclei, disrupted cytoskeleton and diffuse apical Boss staining is consistent with a ram primary defect in cell morphology. Because these epithelial cells appear to be poorly constructed, we decided to name the gene ramshackle.
Larval eye disc cells are polarized with distinct apical and basolateral domains separated by adherens junctions (Wolff and Ready, 1993) . These domains contain distinct protein complexes that connect the epithelia to their lateral neighbors and play a role in cell adhesion and cell signaling (Kowalczyk and Moses, 2002; Muller, 2003) . Crumbs (Crb) is a regulator of epithelial polarity and localizes to the apical domain (Tepass et al., 1990; Wodarz et al., 1995) , while Discs large (Dlg) localizes to the lateral domain (septate junctions) of epithelial cells (Bilder et al., 2000). During pupal development, the apical domain of photoreceptors undergoes explosive growth to produce the actin-rich photosensitive rhabdomere and the stalk, which connects the rhabdomere to the basal adherens junction (Kumar and Ready, 1995; Longley and Ready, 1995) . Crb, which is localized to the rhabdomere stalk, plays an important role in rhabdomere morphogenesis and overexpression of Crb leads to longer stalks (Izaddoost et al., 2002; Pellikka et al., 2002) . Interestingly, overexpression of Crb also disrupts the apical localization of photoreceptor nuclei (Fan et al., 2003) .
In the ram PX3 weak allele, pupal eyes at 48 hours after puparium formation (APF) show an excess of interommatidial cells as seen by Discs large staining (compare arrows in Fig. 7F and G) . These surplus cells are normally eliminated to achieve the adult lattice (Wolff and Ready, 1993) , indicating that normal cell death does not appear to be occurring in these mutant cells. Also, the actin-rich Clones negatively marked with GFP (in green) and outlined. Cyclin E, which marks re-entry into G1 (A) and Cyclin B, which marks G2 phase (B) are late to shut down (arrows in A and B). Atonal, which marks developing R8 0 s, is also delayed (arrow in C). Expression of Ci-155, the downstream effector of Hedgehog, is prolonged (arrow in D), and the onset of Hedgehog expression by developing photoreceptors is delayed and disorganized (arrow in E). smo null mutant clones (F, channels merge; G-I, single channels) fail to express high levels of Ci-155 (white arrows in H) but express Ram normally (asterisks in F and I). Black arrows in (F and I) show that Ram expression appears upregulated because cell nuclei in smo clones that span the furrow, fail to fall.
rhabdomeres are no longer held together in some of the ommatidia (compare arrowheads in Fig. 7F and G) . Later in these mutants (65 hours APF), Crb expression is expanded and no longer limited to the tight rhabdomere stalks (compare at arrows in Fig. 7H and I ). These data suggest that the apical junctional domains of ram PX3 mutant cells appear to be disrupted (Crb expansion) probably leading to a loss in cell signaling (lack of cell death signaling between interommatidial cells) and loss of cell adhesion (rhabdomeres no longer coherent).
Discussion
Characterization of ram
We undertook a screen to identify genes that interact with hedgehog and play a role in Drosophila eye development. ramshackle (ram), was recovered as a dominant suppressor of hedgehog loss-of-function in this screen. ram is genetically upstream of Hedgehog expression, but this may be an indirect effect. We have identified and generated a series of strong and weak alleles of ram and have characterized their molecular lesions. ram is an essential gene with null homozygotes dying during larval life. The Ram protein includes eight WD40 repeats and two bromodomains.
Ram can associate with chromatin
The presence of bromodomains in Ram suggests that it may be associated with chromatin. We have shown that Ram associates at varying levels with transcriptionally active chromatin and therefore may play a role in the transcriptional regulation of some genes.
Chromatin-remodeling plays a large role in transcriptional regulation, and the mammalian homolog of Ram, WDR9, has been shown to be a transcriptional activator and to associate with the BRG1 (Brahma-Related-Gene 1) component of the SWI/SNF chromatin-remodeling complex (Huang et al., 2003) . The Brahma complex in Drosophila is related to the SWI/SNF complex (Cairns et al., 1994; Kingston and Narlikar, 1999; Muchardt and Yaniv, 1999) and the main component of these complexes is a catalytic ATPase subunit called Brahma (Brm) in Drosophila, and hBRM (human Brahma) and Brahma-Related Gene 1 (BRG1) in humans (Tamkun et al., 1992; Khavari et al., 1993; Muchardt and Yaniv, 1993; Cairns et al., 1994; Peterson and Tamkun, 1995; Narlikar et al., 2002; Martens and Winston, 2003) . To determine if Ram is associated with the Brahma complex, we first looked for a genetic interaction between ram P2 and brahma (brm 2 ) and found that about 15% of the transheterozygotes showed a loss in humeral hair (data not shown). We did not observe genetic interactions with other Brahma complex components (moira 1 , snr 1P ) but observed a mild enhancement (5%) of ''wings held out'' phenotype in osa 2 and ram P2 transheterozygotes (data not shown). Since brm was identified as a member of the trithorax group (trxG) of proteins that maintain the active transcription of homeotic genes after their initial induction (Kennison and Tamkun, 1988; Tamkun et al., 1992) , we tested whether ram and brm act together genetically to regulate homeotic gene phenotypes. We observed that ram loss-offunction mutants mildly enhance the abdominal homeotic transformation caused between brm 2 and trx E2 (data not shown, Shearn, 1989; Tamkun et al., 1992) and suppress the homeotic transformation in Antp R (data not shown, Vazquez et al., 1999) .
These genetic interactions suggested that there might be a weak interaction between Ram and Brm in regulating homeotic genes. To get a more definitive answer, we attempted to co-immunoprecipitate Ram and Brm from embryonic and pupal extracts, but did not get a positive result. Also, in the developing eye, Brahma complex subunits brm, moira, and osa are required for neural marker expression while ram is not (our data and Treisman et al., 1997; Janody et al., 2004) and brm, moira, and osa mutant clones in the eye have a growth disadvantage (Treisman et al., 1997; Janody et al., 2004 ) which we do not observe in ram. Unlike Ram which appears to be involved in the transcription of only some loci, Brm marks nearly all transcriptionally active chromatin (Armstrong et al., 2002) , and it has been suggested that the Brahma complex plays a global role in transcription of RNA polymerase II.
It is possible that Ram may be a sub-stoichiometric subunit of the Brahma complex, or may be associated with the complex only in certain tissues or stages of development. It has been suggested that SWI/SNF complexes have unique functions depending on the presence or absence of specific components (Mohrmann and Verrijzer, 2005) .
Ram disrupts cellular morphology
In the developing larval eye, we show that ram mutant cells have altered apical-basal morphology, with displaced nuclei and disorganized actin cytoskeletons. In ram mutant pupae, there are an excess of interommatidial cells, the rhabdom looses coherence and the expression of the apical domain marker Crb (normally localized to the rhabdomere stalk) is expanded. Expansion of the Crb positive domain could imply that the rhabdomere stalks are longer, and because the stalks are longer this probably leaves less membrane for the production of the rhabdomere, and could result in the formation of small rhabdomeres. On the other hand it may be that large rhabdomeres can form but degenerate during late pupal/adult stage, resulting in the rhabdomere loss or smaller rhabdomeres as shown in adult eye. Glued (Dynactin) and klarsicht are examples of other mutants which have basal retinal nuclei as well as defects in rhabdomere morphogenesis (Fan and Ready, 1997; Mosley-Bishop et al., 1999; Lei and Warrior, 2000; Fischer et al., 2004; Whited et al., 2004) . It may be that the apical junctions and the cell cytoskeleton are co-regulated and ram has a role in this. We have observed a general developmental delay in ram retinal clones, including delayed cellcycle transitions and the delayed expression of differentiation markers. These delays could be due to reduced cell signaling between ram mutant cells (due to loss of polarity) and may be secondary to the cell morphology defects.
As the human homolog of ram (WDR9) lies in Down's Syndrome Critical Region 2 (DCR2), it may be that Drosophila ram loss-of-function phenotypes model those of Down's syndrome in some respects. However, trisomy gain-of-function. Lamination, cytoskeletal and dendritic defects have been reported in Down's syndrome brains and these effects might be the result of cell polarity defects, as seen in ram mutants (Engidawork and Lubec, 2003; Benavides-Piccione et al., 2004; Mrak and Griffin, 2004) . However, at this time WDR9 is just one of 22 genes in DCR2 and any correlation between Down's syndrome and ram mutant phenotypes depends on the finer mapping of DCR2.
Experimental procedures
Drosophila stocks, mutagenesis screen, and germline excision
We undertook a genetic screen for genes which interact with hedgehog in the developing Drosophila eye, based on a viable heteroallelic genotype hh 8 /hh bar3 (compare Fig. 1A to B). The screen yields mutations in genes directly and indirectly regulated by Hedgehog signaling in the developing eye (Jones et al., 2006) , and this paper focuses on one of these: Su(hh)3A. For reasons to be explained below, we named this gene ramshackle.
The (Spradling et al., 1999) . The deficiency used here is, Df(3R)crb
87À5
, and was a gift of E. Knust. For the excision screen, p{ry + {t7.2} = Delta2-3}99B (Laski and Rubin, 1989 ) was used to mobilize ram P2 . Excision lines (250 white À lines) were tested for non-complementation of ram P2 and for rescue by the ram transgenic element (see below). Those that survived the above tests (111 lines) were further characterized by two genomic DNA gel blots (HindIII and EcoRI), probed with the rescue fragment ( Fig. 2A) . We obtained 51 viable revertant lines. Of these, nine were sequenced and restore the wild-type sequence. All of these lines are male sterile due to a second-site lesion. From Bloomington stock center we obtained: P{ry ; P{neoFRT}82B P{white-un1}90E,y 1 w * ; P{GAL4-ey.H}DH1, P{UAS-FLP1.D}JD1; P{neoFRT}82B P{GMR-hid}SS4, l(3)* * /TM2GMR-Hid, y 1 w * ; P{GAL4-ey.H}DH1, P{UAS-FLP1.D}JD1 (Newsome et al., 2000) orP{ry +t7.2 = hsFLP}1 w 1118 (Chou and Perrimon, 1992) .
Phage library screen, DNA constructs, transgenic lines, and northern
The bases are numbered as follows-the ''A'' of the first ram ATG codon is base number one and corresponds to base 20,144,837 on the right arm of chromosome 3 (3R) in the Berkeley Drosophila Genome Project (BDGP) genome assembly. The genomic library was made from 17 to 23 kb Sau3A partially digested DNA from the screen parent stock, that was inserted into the XhoI site of lambda FIX Stratagene. The genomic library was probed with LD27873 and LD13593, which are cDNA clones (obtained from Research Genetics/BDGP) for the flanking genes CG5720 and CG5728, respectively. An eye disc cDNA library (Hafen et al., 1987) was probed with a genomic fragment that spanned the ram region and yielded a cDNA called ED4. We obtained the full-length cDNA LD40380 and eight shorter cDNA clones from Research Genetics/BDGP and we sequenced all of them. We used the genomic sequence from BDGP (Adams et al., 2000) as our reference. For the transgene, a 12,171 bp Sac1 fragment ( Fig. 2A , with an inverted, ectopic 3.5 kb fragment) was cloned from genomic phage into pCaSpeR-2 (Thummel and Pirotta, 1991) . Germline transformation was done as described in (Rubin and Spradling, 1982; Karess and Rubin, 1984) . For RNA gel blots, poly (A) RNA was isolated from w 1118 adults as described in (Sambrook et al., 1989) and probed with the full-length cDNA LD40380, using a Boehringer Mannheim High Prime DNA-Labeling Kit.
Microscopy, in situ hybridization, and immunohistochemistry
Scanning Electron Microscopy was performed as described in (SEM, Tio and Moses, 1997) . Adult eye sections were performed as described in (Tomlinson, 1985) . Whole-mount in situ hybridization was performed as described in (Patel, 1996) , and samples were probed with LD40380. Immunohistochemistry on embryos was performed as described in (Mitchison and Sedat, 1983) . Larval eye discs were prepared and stained as described in (Kumar et al., 1998) . Pupal eye discs were prepared and stained as described in (Cagan and Ready, 1989) . Salivary gland polytene chromosomes were prepared and stained as described in (Andrew and Scott, 1994) . A rabbit anti-Ram polyclonal antiserum was raised against the 17 C-terminal residues of Ram (RGRVRKPSAKARGIFKE), coupled to Keyhole limpet hemocyanin, in two rabbit hosts and affinity-purified (by Zymed Laboratories Inc.). Pre-immune sera from the same individual rabbits were used as controls. The dilution used for anti-Ram on embryos and eye discs was 1:800, and on chromosomes was 1:2000 with Tyramide Signal Amplification (Perkin-Elmer). Other primary antisera were: rabbit anti-Ato (1:1000, Jarman et al., 1993) , mouse anti-Boss (1:1000, gift from S. L. Zipursky, Cagan et al., 1992) , rat anti-Ci155 (2A1, 1:5 gift of Holmgren (Motzny and Holmgren, 1995) , rat anti-Crb F2 (1:500, gift of U. Tepass, Pellikka et al., 2002) , mouse anti-Cut (1:10, mAb 2B10 from DSHB, Blochinger et al., 1990) , mouse anti-Cyclin B (1:50, gift of I. Hariharan, Knoblich and Lehner, 1993) , mouse anti-Cyclin E (1:5, gift of B. Edgar, Richardson et al., 1995) , mouse anti-Dlg (1:20 from DSHB, Parnas et al., 2001) , rat anti-Elav (1:500, 7E8A10 from DSHB, O'Neill et al., 1994) , rabbit anti-Hedgehog (1:500, gift of I. Gurerro, Taylor et al., 1993) , mouse anti-RNA polymerase II (''H14'' recognizes phospho ser-5, 1:200 from Covance, Bregman et al., 1995) , guinea-pig anti-Senseless (1:1000, gift of G. Mardon, Frankfort et al., 2001 ). Secondary antibodies from Jackson ImmunoResearch were: goat anti-guinea pig TRITC, (1:150, 106-025-003), goat anti-mouse Cy5 (1:500, 115-175-003), goat anti-mouse IgM TRITC (1:100, 115-025-075), goat anti-rabbit Cy5 (1:1000, 111-175-003), goat anti-rabbit HRP (1:100, 111-035-003), goat anti-rabbit TRITC (1:250 111-025-003), and goat anti-rat Cy5 (1:200, . Actin was detected with Rhodamine-phalloidin (1:50, Molecular Probes, A-12380).
Mosaic clones
The following genotypes were constructed to derive mosaic clones. 
